The osmotic behavior of rat liver mitochondria has been studied in a sucrose medium. The mitochondria behave like a two compartment system. One compartment is permeable to sucrose and has a volume of 1.22 ~l/(mg mitochondrial dry weight) in a 272 milliosmol sucrose medium; the second, inaccessible to sucrose, has a volume of 0.555 /A/mg dry weight) under the same conditions. Part of the water in the sucrose inaccessible space is apparently not free to participate in osmotic phenomena. This volume is 0.272/A/(mg dry weight) under the same conditions. It is suggested that the osmotically inactive water corresponds to the water of hydration of the mitochondrial macromolecules. The volume of the remainder of the water in the sucrose inaccessible space depends inversely on the osmolality of the medium, as is to be expected. The volume of water in the sucrose accessible space is constant, independent of the osmolality of the medium, as is the volume of the mitochondrial framework plus the nonvolatile solutes.
time of the experiment. Separation of the mitochondrial fraction from the crude liver homogenate was achieved by means of differential centrlfugation in 0.25 M sucrose at 0-5°C according to a modification of the method of Cooper and Lehninger (5) as previously described (6) . The final mitochondrial fraction was stored at 0-5°C as a thick suspension in 0.25 ~a sucrose and was used within 1 to 5 hr after preparation.
Experimental Design
All experiments were carried out at room temperature (20-25°C) . At the beginning of each experiment, mitochondria were suspended in 50 mI of a medium containing The final osmolality of this mitochondrial stock suspension was 272 milliosmols as measured by freezing point depression calibrated against standard NaCI solutions (Fiske osmometer, model G-62). The suspension was constantly stirred by a slowly revolving motor-driven Teflon stirring rod. Mitochondrial volume was measured in siliconized glass "mitocrit" tubes previously described in a study on bacteria (7) . These tubes consisted of a 3-4 cm straight section of constant bore glass tubing (I.D. 0.795 mm, Fischer and Porter Co., Warminster, Pa.) attached to an oval glass bulb that had a constriction pipette mouthpiece. A Teflon plug was used to seal the tube at the capillary end. The mitocrit tubes were calibrated using weighed amounts of Hg to determine the relationship between length and volume of the constant bore section, as well as the total volume of the tube and bulb. The total volume of the mitocrit tube was 2.5-3.0 ml. Mitocrit tubes were centrifuged at l l,000g for 45 rain at 0-5°C, unless otherwise stated. Pellet length was measured by means of a machinist's dial gauge (7) . The volume of the mitochondrial pellet ranged from 8.0 to 12.0 ~1. Observations on pellet sedimentation under these conditions indicate that the pellet is well formed by 10 min and, as Fig. 1 shows, a relatively small rate of pellet volume change is achieved by 30--45 rain.
To determine the effect of changes in medium sucrose osmolality on mitochondrial volume, aliquots of the stock solution were pipetted into a series of test solutions containing the same concentration of Na~ATP, NaEDTA, Tris~HC1 as the stock suspen- 
MOLARITY of SUCROSE (M)
Partial molar volume for sucrose in our medium. sion but varying as to sucrose concentration. The test solutions, in which the mitochondrial concentration was half that of the stock suspension, were allowed to equilibrate for 25-45 min before centrifugation in mitocrit tubes.
Partial Molar Volume of Sucrose and Density of Medium
In order to make corrections for the solute contribution to the volume of the sucrose accessible space, it was necessary to determine the partial molar volume of sucrose in the medium used in these experiments. Density was measured at each osmolality in tared weighing bottles filled by calibrated pipettes. The sucrose partial molar volume was calculated from the apparent molar property, as described in Glasstone (8) , and the results are shown in Fig. 2 . The partial molar volumes of the other components in the medium (Nav~TP, NaEDTA, Tris-HCl) were not determined directly since they were always present in the same concentration. Instead their contribution was determined from a density determination in the absence of sucrose.
Extramitochondrial Trapped Space
Medium trapped in the extramitochondrial pellet space was determined as a function of osmolality using human serum albumin-181I (RISA, Abbott, specific activity 10-40 ~c/mg albumin, nondefatted) dialyzed at 5°C against 0.25 M sucrose for 24--72 hr. T o reduce R I S A binding to glass or mitochondria, the mitochondrial stock suspension was preincubated with nonlabeled crystalline human albumin (0.25 g/liter suspension). After the 45 min centrifugation, the supernatant was diluted 1:100 with H20. The mitocrit tube was washed vigorously taking care that only the small area at the top of the mitochondrial pellet was in contact with the wash water. This portion of the pellet was removed after the final washing. After three washes the count rate of the wash solution was not significantly above background. Pellet volume was measured and the pellet was expressed into a 50 ml Erlenmeyer flask together with exactly 2.0 ml of H 2 0 which had been used to wash the capillary portion of the tube. T h e pellet was extracted in H~O overnight at 5°C, and centrifuged for 15 min at 600 g. There was no significant increase in the 13xi radioactivity of the supernatant when the centrifuged pellet remnants were resuspended. 1 ml of the extract supernatant was pipetted into counting vials containing 1 ml of 1.0 M hyamine-hydroxide in methanol (Nuclear-Chicago Corp., Des Haines, Ill.) and 1 ml of the original diluted pellet supernatant was also treated in the same fashion. The protein was digested overnight at 37 °C; 15 ml of liquid scintillation fluid was then added (Bray, 9) and approximately 12 hr were allowed for background count stabilization (probably due to chemiluminescence). Counting was done on a Nuclear-Chicago liquid scintillation counter (model 6801) to less than 1% counting error. Relative quenching was less than 1%. As a check on the counting method samples were also measured in a well type g a m m a ray scintillation counter. These two counting methods gave identical results for R I S A spaces.
Sucrose Space
Sucrose spaces of the mitochondrial pellet were determined in experiments using sucrose-14C (New England Nuclear Corp., Boston, Mass. specific activity I0 p~z/mg). Approximately 5-15/~e of sucrose-14C was added to the mitochondrial stock suspension along with RISA and simultaneous x4C and mI count rates were obtained on the same mitochondrial preparations. Relative quenching when both isotopes were counted simultaneously was found to be less than 1% and no corrections were made for this.
Mitochondrial Water Content
Although it would have been desirable to measure water content in the same suspensions in which sucrose and RISA spaces were measured, this did not prove possible.
Measurements were made at the same osrnolalities and under identical conditions. Following completion of centrifugation, the supernatant was removed and discarded and the tubes washed carefully with water followed by 95 % alcohol, then acetone.
They were then dried carefully. Pellet volume was measured in the mitocrit tubes (as described above) and the tubes weighed immediately thereafter. Approximately 15 min was allowed to elapse between the time the supernatant was removed and the tubes were weighed. Because of the small fraction of the pellet volume exposed to air, evaporation was negligible as determined by sequential weighing. The total pellet wet weight ranged from 10-20 mg. The tared mitocrit tube containing the wet pellet was subsequently dried at 75°C for 24-36 hr; that is, until constant weight was observed.
Computation
Since the computation of mitochondrial water involves 26 sequential steps it seems desirable to describe the steps in detail. 
OSMOLALITY (osmols)
chondria remain the same though their volume changes with osmolality; the rnitocrit is given in units of (pellet =ito/zl//zl suspension) and the unit, #1 suspension, refers to these experiments. The wet to dry weight ratios have been determined in five separate experiments on isolated pellets whose volume had previously been measured. The resuits of these experiments are described with respect to pellet, with no subscript. Items I, 3, 7, 8, and 9 are entered from the data obtained in the five experiments for this specific purpose and the others are computed from these data and the four regression lines in 4, 10, 18, and 20. In cases in which small changes in water density are not critical, it has been taken as 1.0 rather than the true value of about 0.9982. 
Mitochondrial Spaces: Trapped Medium and Sucrose Accessible
More t h a n 60 measurements have been m a d e of the fractional trapped med i u m as a function of m e d i u m osmolality, and the results are shown in Fig. 3 . In order to minimize the effect of albumin binding in the determination of extramitochondrial space, the suspensions had been preincubated with h u m a n serum a l b u m i n at a concentration of 0.25 -0.35 g/(liter suspension). Nonetheless when large additional amounts of nonlabeled albumin (2 to 5 g/liter suspension) were added to the suspension, the apparent fraction of trapped space declined to a plateau value of 0.9 times the space at the usual albumin concentration. This factor was determined in three experiments at two osmolalities (0.89, 0.89, 0.91 ; 272 and 515 milliosmols) and has been applied to the d a t a in Fig. 3 . In preliminary experiments we also investigated 14C-labeled polyglucose (51 measurements), inulin-~4C (eight measurements), and dextran-'4C (three measurements) as possible substitutes for albumin. In all three cases the trapped spaces were appreciably larger than with albumin. In the polyglucose experiments the fractional trapped space was 0.427 at 272 milliosmols and appeared to increase to 0.450 as the osmolality was raised to 550 milliosmols. This is in fair agreement with the typical value of 0.39 given by Tedeschi (3) using polydextran under different conditions of centrffugation at 550 milliosmols. The higher value for the trapped space with the polycarbohydrates may arise from the fact that the former are much more voluminous in solution than albumin. The typical intrinsic viscosities of polycarbohydrates are some eight times greater than those for proteins of comparable molecular weight (10, 11) . As the pellet is formed, the larger molecules may well be trapped in apertures through which the smaller albumin can escape. Physical entrapment increases the trapped space as does surface binding and permeability of the mitochondrial compartment to the extramitochondrial indicator. This suggests that the smallest figure is the most reliable. We conclude that albumin-181I is our most suitable indicator and that the regression line in Fig.  3 gives the most reliable estimate of trapped medium under our experimental conditions. Fig. 4 gives the results of more than 75 experiments on the sucrose accessible I554 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 5 ° • i967 space and shows the fractional sucrose accessible space relative to mitochondrial volume. The regression line of Fig. 3 has been used to convert the data from fractional pellet volume to fractional mitochondrial volume, which is a more useful index. Since the sucrose accessible space is measured initially as a fraction of pellet volume the fractional volume of sucrose inaccessible space chondrial trapped medium. The H~O content in the sucrose inaccessible space is also measured from the difference of wet and dry weights of the pellet, minus the H~O content of the sucrose accessible space. This computation can also be made on the basis of pellet volume, so the H~O content of the sucrose inaccessible space is independent of extramitochondrial trapped medium.
Time Course ~ Sucrose Uptake
The suspension medium was designed to keep the mitochondrial volume constant at room temperature over the period required to make the measure-ments. Fig. 5 , which gives the data in one of the three experiments carried out, shows that this requirement for mitochondrial volume stability could be achieved. The trapped medium declined with time while the intramitochondrial sucrose accessible space grew larger, possibly due to a slow leak of sucrose into the "sucrose inaccessible" compartment. For purposes of comparison with the rest of our experiments the results are plotted from the onset of centrifugation. The actual elapsed time would be at least 10 to 20 min longer than the time given in Fig. 5 since sucrose probably continued to enter the "inaccessible" space until the pellet was tightly packed, and perhaps even thereafter. The average rate of increase of the sucrose accessible space is 0.5 %/ rain based on the 10 rain sucrose accessible volume (average of 0.3, 0.5, 0.7 %). All our determinations of mitochondrial spaces were made after 25-40 rain had been allowed for equilibration of the sucrose accessible compartment with the medium. Although the volume of the sucrose inaccessible compartment remained relatively stable during our experiments the error from this cause probably accounts for the majority of the spread in the sucrose space measurements. Either all the mitochondria may show a slight permeability of the inaccessible compartment to sucrose, or most of the mitochondria may be tight to sucrose in which case the leak would represent the deterioration of a small number of mitochondria with time. Since total mitochondrial volume remained constant, the former seems the most reasonable explanation. Fig. 6 shows that the mitochondrial volume varies inversely with the osmolality. This requires explanation since the mitochondrion is a composite system containing two compartments, one sucrose permeable and the other not. Such linearity might be expected if the volume of fixed framework and that of the sucrose accessible space were both independent of osmolality. If linear extrapolation to infinite osmolality is justified, the intercept would indicate that 0.85 of the cell volume consists of fixed framework, sucrose accessible space, and nonsolvent mitochondrial water. The remaining 15 % may be compared with the value of 16-20 % for osmotically active space reported by Gamble and T a r t (12) .
Response of Mitochondria to Changes in the Osmolality of the Medium
In order to investigate the role played by each of these components, five experiments were carried out in which the wet and dry weights of the mitochondria were measured as a function of medium osmolality, and the density was also determined, both of the mitochondrial pellet and the medium. The parameter of interest is the H sO content in the sucrose accessible space which must be corrected for its content of sucrose and other components of the medium. For simplicity, we have made this calculation on the assumption that all the components in the medium (except albumin) can enter the sucrose accessible space. In any case the contribution of these added medium compo-
nents is small since they represent only 0.4 % of the medium compared with sucrose which occupies from 2-10 % of the medium volume. Fig. 7 shows the results of a typical experiment. The observation that the water content in the sucrose accessible space is independent of osmolality shows that the permeability of this compartment to sucrose is large and that sucrose has reached its equilibrium distribution across the outer mitochondrial membrane. Thus no osmotic forces due to sucrose are operative after our usual period of equilibration. As shown in Fig. 6 , the mitochondrial volume varies by about 15 % over our range of osmolalities, and (Fig. 7) the sucrose accessible space increases as mitochondrial volume decreases. However, the H~O content remains constant which suggests a regulatory process. This would lead us to formulate the hypothesis that this compartment is in osmotic equilibrium with the medium. Pette (13) has presented evidence that an appreciable fraction of the mitochondrial adenylate kinase is present in a relatively accessible intramitochondrial compartment. If, as seems likely, this enzyme or any other impermeant solute is present in the sucrose acces-sible space, the maintenance of constant H 20 volume requires the presence of an extramitochondrial impermeant solute, for otherwise the volume could not remain stable. The identity of this impermeant molecule remains unknown. It is possible that it could be the albumin that was added at a concentration of 0.25 g/(liter suspension) in most of the experiments in which the sucrose accessible space was measured, but this makes a very small osmotic contribution. It is more likely that some other medium component, such as the 9.5 mM EDTA, or the 0.63 rnM ATP, is excluded from the sucrose accessible space. Confirmation of the hypothesis that the H 20 content of the sucrose accessible space is regulated by an osmotic equilibrium will require identification of the impermeant solute and proof that the H 20 volume of the compartment depends upon its external concentration. The observation that the water content of the space remains constant rather than the total volume argues against membrane
elasticity as an important factor in the maintenance of mitochondrial volume under our experimental conditions. It also suggests that there is no fixed structural feature linking the outer membrane to the inner which fits with the observation of Parsons, Williams, and Chance (14) that there is no evidence of stalks or any protuberances on isolated outer membrane.
In view of the time dependence of the volume of the sucrose accessible space shown in Fig. 5 we were concerned about the possible effect of sucrose leakage into the sucrose inaccessible space during our experiments, particularly at the highest osmolality when the sucrose concentration gradient becomes maximal. It is possible to examine this question experimentally by a consideration of the weight of the mitochondrial framework (including all impermeable solutes), which we will denote as b, after subtraction of H 20 and the medium solids in the sucrose accessible space. The framework weight remains constant independent of osmolality within our experimental error which is about 4-3 %, This is consonant with the constant H20 content in the sucrose accessible space. Since the weight contribution of the sucrose is about 25 % of the framework weight at the highest osmolality, these two observations argue against sucrose leakage into the sucrose inaccessible space during these experiments. They also indicate that there is no appreciable outward solute leakage, unless the two processes are exactly balanced, which seems remote. Fig. 7 shows that the H20 in the suerose inaccessible space varies inversely as the osmolality of the suspending medium. Furthermore when the line through the points is extrapolated to the ordinate the intercept is not at zero volume which indicates that some of the water does not participate in osmotic phenomena. In order to examine this question in further detail, the data from all five experiments were normalized as described in the computation section (step 26). Fig. 8 shows the normalized H 20 content of the sucrose inaccessible space to be linearly dependent on osmolality -1. The intercept for the regression line is 0.47 which indicates that this fraction of the H20 content of the sucrose inaccessible space acts like nonsolvent water and does not contribute to the osmotic volume change.
A similar phenomenon has been observed in human red cells in which the content of nonsolvent water was found to agree well with the calculated water of hydration of hemoglobin (15) which Drabkin had found to equal 0.339 g of H 2 0 per g of crystalline human hemoglobin (16) . A comparable figure from our experiments can be computed by dividing the intercept of the sucrose inaccessible space regression line in each of the five experiments by b, the weight of mitochondrial solids. The average nonsolvent water is 0.28 g H 20/ (g solids) which agrees quite well with the hemoglobin data particularly since the membrane is included with the solutes in the present comparison. Since the mitochondrion undoubtedly has a high enzyme content, a nonsolvent water content in rough agreement with that for proteins is to be expected. M a l a m e d and Recknagel (4) have also studied the osmotic behavior of mitochondria. Although our conclusions are in agreement with their view that the mitochondria contain both sucrose accessible and inaccessible spaces, we do not agree with their conclusion that all the water in the sucrose inaccessible space is able to participate in osmotic phenomena. M a l a m e d and Recknagel did not make a correction for the volume occupied by sucrose in I  I  I  I  I  I  I  2  3  4  5  6 OSMOLALITY "1 (osmols-I) Fmum~ 8. Water content in sucrose inaccessible space as a function of osmolality -1. The points have all been normalized to the water content in this space at 272 milliosmols. The regression line, normalized water content = 0.472 + 1.192 (osmols -1) ; the unit is relative volume.
the sucrose accessible space. This is probably the major factor in the discrepancy. An additional difference in procedure is that M a l a m e d and Recknagel made no independent determination of trapped m e d i u m within the pellet nor did they allow for the dependence of trapped space on osmolality. Tedeschi has concluded (3) that there is only a single space in mitochondria, and that the sucrose is able to penetrate all the water spaces. His experiments were carried out in a concentrated solution of 0.55 M sucrose and he did not make any direct measurements of mitochondrial volume in these experiments, so his results are not directly comparable with those reported here. If the sucrose inaccessible space is permeable to glycerol, it is difficult to reconcile our
findings wml Tedeschi's observation that the 10 rain glycerol space at room temperature is only 3-4 % larger than the 3 hr sucrose space at 0°C, but the conditions are so different with respect to temperature, time, and osmolality that it is not easy to find a proper basis for comparison.
FIoum~ 9. Summary of relationship between mitochondrial spaces and osmolality -1 (experiment 66). The experimental points are obtained by cumulative addition, which increases deviation from linear behavior in the spaces.
The evidence for the presence of two compartments with different permeability characteristics is supplied by studies with the electron microscope. Whittaker (17) has recently reviewed the morphology of mitochondria and has come to the conclusion that two separate compartments are visibly present in electron microscope pictures. Furthermore he adduces evidence that these compartments possess different permeability properties since the negative stain, Na phosphotungstate, can enter the outer compartment only and clearly does not penetrate into the interior compartment. Furthermore, Seno, Utsumi, and Yokomura (18) have presented electron microscopic evidence which they interpret as an indication that sucrose can penetrate the outer membrane but not the inner one. Beaufay and Berthet (19) also support the existence of two such separate compartments on the basis of results obtained b y differential centrifugation under equilibrium conditions. Thus our conclusions fit well with the evidence of the electron microscope as well as with that of Beaufay and Berthet and our sucrose inaccessible compartment may be identified with the inner mitochondrial matrix. The results of our investigations may be summarized graphically. Fig. 9 shows the osmotic response of all the mitochondrial spaces in a single experiment and illustrates that only two changes take place as the extramitoehondrial sucrose concentration changes: the contraction of the free H sO content in the sucrose inaccessible space in response to osmotic gradients, and the increase in sucrose (and other medium solutes) which diffuse through the permeable outer membrane into the sucrose accessible space. Table I gives the mean values of many of the parameters of interest at a single osmolality, 272 rnilliosmols (0.20 M sucrose medium), which is approximately isosmolal with rat plasma. Since the volumes of sucrose accessible and inaccessible spaces and density all depend upon medium osmolality, a regression line was drawn through the points at all five osmolalities and standard values computed for each parameter. In most instances our results are in good agreement with the values given by de Duve (20) and Beaufay and Berthet (19) for the rat liver mitochondria in 0.25 M sucrose. Although their sucrose accessible space is 0.34 ~1/#1 mitochondria compared to our value of 0.46, their wet to dry weight ratio is 2.93 compared to our figure of 2.91 and their mitochondrial density is 1.099 compared to our 1.101. These results were ob- tained by direct measurement following density gradient centrifugation. The authors have calculated two other values from the measured ones on the assumptions that all the nonsolvent water is easily exchangeable and that the replacement of H~O with D~O does not significantly alter either the nonsolvent water or the density of the mitochondrial matrix which includes framework and solutes. This leads to a matrix density of 1.315, slightly larger than our figure of 1.263, and to a value of 0.42 for the fraction of nonsolvent H~O in the total sucrose inaccessible H20, somewhat smaller than our comparable figure of 0.49. It is interesting that the matrix density figure is also in reasonable agreement with the value of 1.21 for the outer membrane density given by Parsons, Williams, and Chance (14) . The close correspondence of our values with those of de Duve and his colleagues indicates that the physical properties of rat liver mitochondria are reproducible from laboratory to laboratory, a conclusion supported by the correlation between the morphological studies and our findings. Furthermore, the osmotic response of these mitochondria is in full accord with that to be expected from biophysical principles based on the passive response of a two compartment system with an outer membrane permeable to sucrose, and an inner one essentially sucrose impermeable.
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